Introduction
============

Lignin, the second most abundant biopolymer on earth, is a complex and hydrophobic polyphenolic substance found in plant cell walls. Despite its abundance, lignin polymerization and deposition in plant cell walls (lignification) are poorly understood ([@B3]). Lignin provides structural integrity to plants ([@B9]; [@B17]; [@B3]), aids in pathogen defense ([@B7]; [@B41]), and serves as a hydrophobic waterproofing agent facilitating vascular water transport ([@B3]; [@B45]). The three most prevalent monomeric precursors of lignin (monolignols) are coniferyl alcohol (CA; which forms guaiacyl or G-lignin), sinapyl alcohol (which forms syringyl or S-lignin), and *p-*coumaryl alcohol (which forms hydroxyphenyl or H-lignin), but in addition to these, several other phenolic monomers can be incorporated into lignin ([@B3]; [@B30]; [@B35]; [@B24]; [@B45]), including synthetic monolignol analogs ([@B40], [@B39]; [@B6]; [@B26]). Unlike most biopolymer assembly processes, lignin polymerization is thought to be a chemically controlled process rather than biologically controlled, resulting in highly flexible monomer incorporation ([@B42]; [@B45]). The complex structures of lignin polymers result from the way monolignols polymerize via undirected free radical coupling, leading to a multitude of inter-subunit linkages that connect phenylpropane units, including arylglycerol-β-aryl ether structures, phenylcoumaran structures, and bi-phenyl structures ([@B19]; [@B21]). Due to its structural heterogeneity and ether linkages, lignin is difficult to enzymatically degrade, and by masking other cell wall components it can inhibit the conversion of cellulose and hemicellulose into biofuels and other bio-products ([@B1]). Deeper understanding of lignin deposition should enable more efficient conversion of lignocellulosic biomass into high-value products and commodities.

Biosynthesis of monolignols from the amino acid phenylalanine proceeds in the cytoplasm via a series of enzymatic conversions ([@B46]). Although the mechanism by which these monolignols are transported from the cytoplasm to the cell wall remains debated ([@B23]; [@B43]), they nonetheless move to the apoplastic space and are oxidized by peroxidases and laccases before undergoing a series of non-enzymatic free radical coupling reactions to form lignin polymers ([@B3]). At the subcellular scale, deposited lignin first appears at cell corners and the middle lamellae adhering adjacent plant cells, then appears progressively in the cell wall ([@B44]; [@B33]; [@B37]; [@B10], [@B11], [@B12]; [@B3]). Lignification is hypothesized to initiate at specific locations called nucleation sites, which serve as attachment sites for monolignols. Proposed nucleation sites include ferulate residues in the polysaccharides of grass cell walls, aromatic residues of structural proteins such as hydroxyproline-rich glycoproteins, and pectins ([@B18]; [@B29]; [@B8]; [@B14]). However, at present scant evidence supports these hypotheses, and the molecular nature and nanoscale distribution of these nucleation sites are currently undefined. Another factor that can dictate where lignification occurs is the localization of oxidizing enzymes like peroxidases and laccases, as well as NADPH oxidases that produce hydrogen peroxide, the substrate of peroxidases ([@B3]; [@B20]; [@B34]).

Exogenously supplied monolignols with attached fluorophores can incorporate into plant tissues ([@B38], [@B40]). However, these fluorophore-tagged monolignols are significantly larger than natural monolignols, and this may limit penetration through wall microstructures in different cell types and tissues, affecting incorporation patterns. Monolignol analogs with click chemistry-compatible tags are much closer in size to natural monolignols, and have recently been shown to incorporate into *in vitro*-synthesized lignin, as well as *Arabidopsis thaliana* (*Arabidopsis*) tissues including root epidermal cells and naturally lignifying tissues in the stem ([@B6]; [@B39]; [@B26]). In the present work, the monolignol analog 3-*O*-propargylcaffeyl alcohol (3-OPC; [@B6]) was used to investigate the biochemical and developmental dependencies of lignification. 3-OPC contains a small alkyne modification compared to CA, allowing it to mimic the behavior and polymerization properties of the natural lignin monomer ([@B6]). Once incorporated into plant tissues, the degree and patterning of 3-OPC deposition can be detected using fluorescence microcopy after click-chemistry-enabled labeling with a fluorescent dye, providing a specific probe for new lignification.

In this study, 3-OPC incorporation in different developmental stages of *Arabidopsis* stems revealed that artificial lignification with this monolignol analog follows the same patterns as natural lignification. The effects of monolignol concentration on lignification patterns were investigated, revealing an apparent concentration-dependent localization that has relevance for understanding the natural lignification process. The involvement of native enzymes in the incorporation of 3-OPC was also investigated by testing the incorporation of 3-OPC in the presence of both peroxidase and peroxidase/laccase inhibitors. Incorporation of 3-OPC was also performed in the presence of other inhibitors of lignification, as well as exogenous peroxidases and hydrogen peroxide, to understand the effects of enzyme activity and availability on lignification in more detail than previously possible. This research highlights the utility of applying click-compatible monolignols to study the molecular dependencies of lignification, and can serve as a foundation for analyzing other unknown intricacies of lignin deposition, such as the molecular identities and distribution of lignin nucleation sites, as well as differential deposition of G-, S-, and H-lignin in different ultrastructural regions ([@B37]; [@B13]).

Materials and Methods {#s1}
=====================

Reagents and Chemicals
----------------------

Coniferyl alcohol, Horseradish peroxidase (HRP; type II, 150--250 units/mg), diphenylene iodonium (DPI), sodium azide, and *N*-acetyl-[L]{.smallcaps}-cysteine (NAC) were from Sigma. Alexa 594-azide, Alexa 488-azide, and Shandon^TM^ Cryomatrix^TM^ resin were from Thermo Scientific; monohydrate \[2-(*N*-Morpholino)ethanesulfonic acid, MES\] was from Research Organics; Murashige and Skoog salts were from Caisson Labs. 3-OPC was synthesized as described previously ([@B6]). Other commercial chemicals, including solvents, were from Sigma.

Incorporation and Labeling of *Arabidopsis* Stem Sections
---------------------------------------------------------

For developmental dependency experiments, top, middle, and bottom portions of 6-week-old and middle and bottom portions of 8-week-old *Arabidopsis* Col-0 ecotype stems were frozen in Shandon^TM^ Cryomatrix^TM^ resin, cryosectioned into 40-μm-thick transverse sections using a Leica CM1950 cryostat, placed in water and washed 3X with 1 mL water. Sections from each growth stage were transferred to 1 mL aqueous solution of 20 μM 3-OPC and 20 μM CA, or to an aqueous solution of 0.1 mg/mL HRP containing 20 μM 3-OPC and 20 μM CA. Sections were incubated at 25°C for 3 h with gentle rocking. After incorporation, sections were washed 4X with 1 mL water, transferred to 1 mL of click-labeling solution containing 1 mM ascorbic acid, 1 mM CuSO~4~, and 0.5 μM Alexa 594-azide in liquid MS medium (2.2 g/L Murashige and Skoog salts, 0.6 g/L MES, pH 5.6) and rocked at 25°C in the dark for 1 h. Sections were then washed 2X with 1 mL water, transferred to 1 mL of 96% ethanol, and rocked for 1 h to remove unbound monomers and dyes before washing 4X with 1 mL water.

For experiments testing different monolignol concentrations, bottom portions of 6-week-old *Arabidopsis* stems were cryosectioned as described above and placed in water. Sections were washed 3X with 1 mL water and transferred to 1 mL aqueous solutions of 0.05, 0.1, 0.2, 1, 5, 10, and 20 μM 3-OPC. Control sections were added to 1 mL aqueous solutions of 20 μM CA. These sections were incubated at 25°C for 3 h with gentle rocking. After incorporation, sections were washed 4X with 1 mL water, transferred to 1 mL of click-labeling solution containing 1 mM ascorbic acid, 1 mM CuSO~4~, and 0.5 μM Alexa 594-azide in liquid MS medium, and rocked at 25°C in the dark for 1 h. Sections were then washed 2X with 1 mL water, transferred to 1 mL of 96% ethanol, and rocked for 1 h to remove unbound monomers and dyes before washing 4X with 1 mL water.

To co-visualize cell walls and new lignification sites together, sections from bottom portions of 6-week-old *Arabidopsis* stems incubated with 0.05, 0.1, 0.2, and 10 μM 3-OPC were click-labeled as above, but with 0.5 μM Alexa 488-azide instead of Alexa 594-azide. The sections were then washed 3X with 1 mL water and labeled with 10 μM propidium iodide (PI) for 30 min. Sections were then washed 2X with 1 mL water, transferred to 1 mL of 96% ethanol, and rocked for 1 h to remove unbound monomers and dyes before washing 4X with 1 mL water.

For experiments analyzing how the duration of 3-OPC incorporation affects lignification patterns, sections of bottom portions of 6-week-old *Arabidopsis* stems were incubated with 5 μM 3-OPC and 15 μM CA for 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h. Control sections were treated with 20 μM CA for 24 h. Sections were then washed and click labeled with Alexa 594-azide as above. Short incorporation durations of 10 min were also tested with 3-OPC concentrations of 0.1 and 0.2 μM, followed by the same washing and click-labeling steps.

To test the effects of exogenous hydrogen peroxide and peroxidase, 40 μm sections of bottom portions of 6-week-old *Arabidopsis* stems were placed in water immediately after cryo-sectioning. Sections were then washed 3X with 1 mL water and transferred to 1 mL aqueous solutions of 20 μM 3-OPC and 20 μM CA containing 0.1 mg/mL HRP and 0.001% (v/v) hydrogen peroxide. Other sections were transferred to 1 mL aqueous solutions of 20 μM 3-OPC and 20 μM CA containing only 0.1 mg/mL HRP (no hydrogen peroxide). A third sub-set of sections was transferred to 1 mL aqueous solutions of 20 μM 3-OPC and 20 μM CA containing no HRP or hydrogen peroxide. These sections were incubated at 25°C for 3 h with gentle rocking. After incorporation, the sections were washed and click-labeled with 0.5 μM Alexa 594-azide as described above.

To test the effects of enzyme inhibitors, 40 μm sections of bottom portions of 6-week-old *Arabidopsis* stems were placed in water immediately after cryo-sectioning. Sections were then washed 3X with 1 mL water followed by treatments with three inhibitors: DPI, an NADPH oxidase inhibitor; NAC, an antioxidant and reactive oxygen species (ROS) scavenger; and sodium azide (NaN~3~), a peroxidase and laccase inhibitor. For testing the effects of inhibitors during incorporation, sections were incubated in 1 mL aqueous solution of 20 μM 3-OPC and 20 μM CA containing 15 μM DPI, 1 mM NAC, 1 mM NaN~3~, or no inhibitor for 3 h. For testing effect of inhibitors before incorporation, sections were transferred to 1 mL aqueous solutions of 15 μM DPI, 1 mM NAC, 1 mM NaN~3~, or no inhibitor for 1 h, washed 4x with 1 mL water, and incubated in 1 mL aqueous solutions of 20 μM 3-OPC and 20 μM CA for 3 h. After incorporation, sections were washed and click-labeled with 0.5 μM Alexa 594-azide as described above.

Imaging of Stem Sections
------------------------

Images of labeled and control stem sections were collected on a Zeiss Cell Observer SD spinning disk fluorescence confocal microscope using a 561 nm excitation laser with a 617/73 emission filter to image click-associated Alexa 594 fluorescence and PI labeling, a 488 nm excitation laser with a 525/50 emission filter to image click-associated Alexa 488 fluorescence, and a 405 nm excitation laser with a 450/50 emission filter to image autofluorescence associated with lignin. For imaging, 10× 0.5 NA and 20× 0.5 NA air immersion objectives, and a 63× 1.4 NA oil immersion objective, were used. Maximum projections of z series were generated using ImageJ, adjusting brightness for all images to the same minimum and maximum values to enable comparison of relative fluorescence intensities. Fluorescence intensities were quantified as raw integrated intensities per unit area using ImageJ after applying a uniform threshold to select lignified regions (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}), with the exception of images for inhibitor experiments, which due to widely varying fluorescence levels were auto-thresholded to standardize thresholded areas. Separate threshold values were set for images acquired under 405 and 561 nm channels.

Results
=======

The monolignol probe 3-OPC has been shown to incorporate into *in vitro-*polymerized lignin, also called dehydrogenation polymers (DHPs), as well as plant tissues using click chemistry-assisted labeling and fluorescence imaging ([@B6]). In this study, 3-OPC incorporation patterns were studied in *Arabidopsis* stem sections with an aim to probe the developmental and biochemical dependencies of the lignification process.

Incorporation of 3-OPC in Different Developmental Stages of *Arabidopsis* Stems Occurs Primarily in Actively Lignifying Tissues
-------------------------------------------------------------------------------------------------------------------------------

To analyze developmental patterns of lignification, 3-OPC incorporation was studied in developing *Arabidopsis* inflore scence stems. Cryosections from top, middle, and bottom portions (youngest to oldest tissues) of 6-week-old and middle and bottom portions of 8-week-old stems were treated with 20 μM 3-OPC and 20 μM CA for 3 h, click-labeled with Alexa 594-azide for 1 h, washed to remove unbound monolignols and dye, and imaged using spinning disk confocal microscopy. We previously found ([@B6]) that 405 nm autofluorescence is mainly contributed by pre-existing lignins, and click-associated fluorescence is mainly contributed by newly incorporated lignins. **Figure [1A](#F1){ref-type="fig"}** shows different 3-OPC incorporation patterns in stems from different developmental stages. In sections from the top (younger) portions of 6-week-old stems, 405 nm autofluorescence shows that vascular bundles had only started to develop and lignify, and interfascicular fibers (IFFs) were not yet lignified (**Figure [1A](#F1){ref-type="fig"}**). Click labeling in these sections was limited to developing xylem vessels, and was evident in only a few cells. In sections from middle portions of 6-week-old stems, vascular bundles were more developed and lignified compared to the younger top portion, and IFFs were also starting to lignify, but still showed only faint autofluorescence. Click labeling was very strong in these sections, with much higher fluorescence intensities in IFFs than in vascular bundles (**Figure [1A](#F1){ref-type="fig"}**). In 6-week-old bottom sections, the most mature part of the 6-week-old stem, significant existing lignification was present in both IFFs and vascular bundles, with higher autofluorescence in the vasculature. Click labeling in these sections was strongest in xylary fibers, followed by IFFs, and negligible in vascular bundles, which showed very high 405 nm autofluorescence (**Figure [1A](#F1){ref-type="fig"}**). Click-labeling intensity in the IFFs of bottom sections was lower than in middle sections. Sections from middle portions of 8-week-old stems showed much higher autofluorescence than 6-week-old stems, with IFFs also being strongly lignified. Click labeling was lower but still detectable in these sections, with higher intensities in IFFs than in vascular bundles (**Figure [1A](#F1){ref-type="fig"}**; Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}). In sections from bottoms of 8-week-old stems, very little click labeling was observed. Autofluorescence in these sections showed well lignified IFFs and vascular bundles (**Figure [1A](#F1){ref-type="fig"}**).

![**Incorporation of 3-OPC in different developmental stages of *Arabidopsis* stems.** Autofluorescence (405 nm excitation) and click labeling (561 nm excitation) in sections of top, middle and bottom portions of 6-week-old and middle and bottom portions of 8-week-old *Arabidopsis* stems treated with **(A)** 20 μM 3-OPC and 20 μM CA without exogenous HRP for 3 h or **(B)** 20 μM 3-OPC and 20 μM CA with exogenous HRP for 3 h, labeled with Alexa 594-azide for 1 h, and washed with 96% ethanol for 1 h. The colored images on the bottom rows for each panel are merges of the 405 nm (blue) and 561 nm (red) channels. Images are contrast-enhanced maximum intensity projections of z series collected using a 20× objective with a 561 nm laser at 5% power and a 405 nm laser at 100% power, with 150 gain and 400 ms exposure time (scale bar, 100 μm). Three replicate experiments with at least three sections per experiment were imaged for each developmental stage.](fpls-07-01309-g001){#F1}

A similar experiment was performed to test 3-OPC incorporation in different developmental stages of *Arabidopsis* stems with addition of exogenous HRP, which can generate free radicals that drive lignin polymerization ([@B20]). Cryosections of top, middle and bottom portions of 6-week-old and middle and bottom portions of 8-week-old *Arabidopsis* stems were treated with 3-OPC and CA plus 0.1 mg/mL HRP, click-labeled, and imaged. Incorporation patterns observed in these samples (**Figure [1B](#F1){ref-type="fig"}**) were similar to those observed in **Figure [1A](#F1){ref-type="fig"}**, but total click-associated fluorescence increased. Addition of exogenous HRP alone did not result in lignification of non-lignifying tissues, but incorporation in naturally lignifying tissues was enhanced.

A quantification analysis (Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}) of autofluorescence (405 nm) and click-labeling-associated fluorescence (561 nm) for 3-OPC incorporation experiments with and without exogenous HRP revealed that autofluorescence per unit area (Supplementary Figure [S2A](#SM1){ref-type="supplementary-material"}) increased from top to bottom in 6-week-old sections and further increased in 8-week-old middle and bottom sections. Supplementary Figure [S2B](#SM1){ref-type="supplementary-material"} shows the thresholded area selected for quantification (see Supplementary Figure [S1](#SM1){ref-type="supplementary-material"} for procedure for selecting lignified area). Lignified area also increased from top to bottom in 6-week-old stems as lignified cells developed, becoming thicker and more lignified (**Figure [1](#F1){ref-type="fig"}**). The middle sections of 8-week-old stems showed slightly lower total lignified areas than 6-week-old bottom sections, because the diameters of these sections were smaller even though the cell walls were thicker. Eight-week-old bottom sections showed the largest lignified area as well the highest autofluorescence per unit area. Autofluorescence and lignified area were not greatly affected by the presence of exogenous HRP (Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}). Click labeling in sections where 3-OPC was incorporated without exogenous HRP was highest per unit area in 6-week-old middle sections. Intensity per unit area increased from top to middle and decreased from middle to bottom sections. Click labeling then again decreased further from 6-week-old bottom to 8-week-old middle and bottom sections, with lowest intensities in 8-week-old bottom sections.

On adding exogenous HRP, click labeling was higher for all developmental stages except 6-week-old top sections (**Figure [1B](#F1){ref-type="fig"}**). Incorporation of 3-OPC was enhanced most significantly in 6-week-old bottom sections by HRP addition. With HRP, 6-week-old bottom sections showed the highest click labeling per unit area. The selected lignified area, based on autofluorescence, was largest in 6-week-old bottom sections, in both absence and presence of exogenous HRP (Supplementary Figure [S2B](#SM1){ref-type="supplementary-material"}).

Changing 3-OPC Concentrations Alters Subcellular Patterns of Lignification in *Arabidopsis* Stem Sections
---------------------------------------------------------------------------------------------------------

Incorporation of 3-OPC at different concentrations was tested in sections from bottom portions of 6-week-old *Arabidopsis* stems. Sections were treated with 3-OPC at concentrations of 0.05, 0.1, 0.2, 1, 5, 10, and 20 μM, after which they were labeled with 0.5 μM Alexa 594-azide. **Figure [2](#F2){ref-type="fig"}** shows fluorescence images obtained for sections treated with different concentrations of 3-OPC. Click labeling increased with increasing 3-OPC concentrations (**Figure [2A](#F2){ref-type="fig"}**). Quantification (Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}) revealed an increase in fluorescence per unit area as 3-OPC concentration increased from 0.05 to 10 μM, after which intensities did not increase, possibly due to saturation of the sections or a limiting click reagent. In these samples, the xylem in vascular bundles showed lower click labeling than xylary fibers and IFFs. Xylary fiber cells at the periphery of the vascular bundle, close to the phloem, showed stronger labeling than IFFs in all sections treated with 3-OPC. In IFF regions, cells in the middle of the bands showed less click labeling than cells on the peripheries neighboring the pith and cortex. Only naturally lignifying cells showed 3-OPC incorporation. **Figure [2B](#F2){ref-type="fig"}** shows incorporation patterns of 3-OPC in IFFs at higher magnification. At this scale, a difference in incorporation patterns of 3-OPC across differing concentrations is evident. In sections treated with low concentrations of 3-OPC, namely 0.05, 0.1, and 0.2 μM, incorporation occurred primarily in cell corners and middle lamellae, which are widely considered to be locations of lignification initiation ([@B33]). In sections treated with higher concentrations of 3-OPC, namely 1, 5, 10, and 20 μM, incorporation at cell corners and middle lamellae was still detected, but labeling intensity was higher in secondary cell wall regions. **Figure [2C](#F2){ref-type="fig"}** shows intensity profiles across a cell corner (green) and cell wall (blue) for a section treated with 0.1 μM 3-OPC, indicating incorporation primarily in cell corners and middle lamellae (note differing *Y*-axis scales). Intensity profiles are also shown across a cell corner (red) and cell wall (orange) for a section treated with 20 μM 3-OPC, indicating higher fluorescence in cell wall regions. These data indicate that at low concentrations of 3-OPC, new lignin deposition occurs primarily at cell corners and middle lamellae, but at higher concentrations of 3-OPC, the secondary wall region becomes lignified to a higher degree than cell corners and middle lamellae.

![**Incorporation of 3-OPC in sections of bottom portions of 6-week-old *Arabidopsis* stems at different concentrations. (A)** Autofluorescence (405 nm excitation) and click labeling (561 nm excitation) in sections treated with CA as a control or 0.05, 0.1, 0.2, 1, 5, 10, or 20 μM 3-OPC for 3 h, labeled with Alexa 594-azide for 1 h, and washed with 96% ethanol for 1 h. **(B)** Higher magnification images of interfascicular fibers (IFFs) showing autofluorescence (405 nm excitation) and click labeling (561 nm excitation) in samples described above. **(C)** Fluorescence intensity profiles along the colored transect lines shown in **(B)**. Bottom rows for both **(A,B)** show merges of the 405 nm (blue) and 561 nm (red) channels. Images are contrast-enhanced maximum intensity projections of z series recorded using a 10× objective **(A)** and a 63× objective **(B)** with a 561 nm laser at 5% power and a 405 nm laser at 100% power, with gains of 150 for **(A)** and 50 for **(B)** and 400 ms exposure time. Different levels of brightness and contrast were used for **(B)** in order to clearly observe differences in incorporation patterns (scale bar, **A**: 100 μm; **B**: 10 μm). Three replicate experiments with at least three sections per experiment were imaged for each treatment.](fpls-07-01309-g002){#F2}

To further investigate localization patterns of 3-OPC at different concentrations, co-labeling was performed with PI, which stains acidic polysaccharides, including de-methylated pectins, in cell walls ([@B32]). Sections were treated with 0.05, 0.1, 0.2, or 10 μM 3-OPC for 3 h, after which they were labeled with 0.5 μM Alexa 488-azide, followed by labeling with PI for 30 min. **Figure [3](#F3){ref-type="fig"}** shows 3-OPC incorporation patterns relative to PI localization. A 488 nm excitation laser was used to detect click-associated fluorescence from Alexa 488-azide (left column, **Figure [3](#F3){ref-type="fig"}**) and a 561 nm excitation laser was used to detect regions of PI binding (middle column, **Figure [3](#F3){ref-type="fig"}**). The rightmost column shows a merged image for 561 nm (red) and 488 nm (green) channels. PI labeling was observed throughout cell walls, with less labeling in cell corners and middle lamellae, where significant incorporation of 3-OPC was observed at low concentrations. For sections treated with 10 μM 3-OPC, click labeling co-localized with PI labeling on inner edges of cell walls. These data further indicate at lower concentrations, 3-OPC is deposited at cell corners and middle lamellae, whereas at higher concentrations, 3-OPC accumulates more in secondary wall regions.

![**Co-labeling of cell walls and incorporated 3-OPC in sections of 6-week-old *Arabidopsis* stem.** IFFs showing click labeling (488 nm excitation) and PI labeling (561 nm excitation) in 40 μm-thick sections of 6-week-old *Arabidopsis* stem sections treated with **(A)** 0.05 μM, **(B)** 0.1 μM, **(C)** 0.2 μM, and **(D)** 10 μM 3-OPC for 3 h, labeled with Alexa 488-azide for 1 h, labeled with PI for 30 min, and washed with 96% ethanol for 1 h. Images are contrast-enhanced maximum intensity projections of z series recorded using a 63× objective with a 488 nm laser at 5% power and a 561 nm laser at 5% power, with 50 gain and 400 ms exposure time. Colored images in the right column are merges of the 488 nm (green) and 561 nm (magenta) channels. Different ranges of brightness and contrast were used to reveal differences in incorporation patterns (scale bar, 20 μm). Three replicate experiments with at least three sections per experiment were imaged for each treatment.](fpls-07-01309-g003){#F3}

Increasing Incubation Time Increases 3-OPC Accumulation, But Does Not Alter 3-OPC Deposition Patterns
-----------------------------------------------------------------------------------------------------

A time-course experiment was performed with stem sections from 6-week-old *Arabidopsis* plants to investigate whether incorporation intensities or patterns change with incubation time. Sections were treated with 5 μM 3-OPC and 15 μM CA for 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h, and labeled with Alexa 594-azide. Click labeling was only observed in IFFs and vascular bundles, which are naturally lignifying tissues (**Figure [4A](#F4){ref-type="fig"}**). Click labeling per unit area increased with increasing incubation time, reaching a maximum intensity at 24 h. A steeper increase in labeling intensity from the 1 h incorporation time point to the 12 h time point was observed, after which there was only a slight increase over the next 12 h to the 24 h time point (**Figure [4B](#F4){ref-type="fig"}**). For all time points, the most intense click labeling was present in xylary fibers, followed by IFFs, with negligible click labeling in xylem vessels. Images at higher magnification were collected to investigate whether there were any differences in monolignol incorporation patterns over a time-course of 24 h. **Figure [4C](#F4){ref-type="fig"}** shows images of IFFs from sections treated with 5 μM 3-OPC and 15 μM CA for 10 min and 24 h. For the 10-min time point, labeling was more prominent in secondary wall regions of the IFFs, as observed in sections treated with 5 μM 3-OPC for 3 h (**Figure [2B](#F2){ref-type="fig"}**).

![**Time-course of incorporation of 3-OPC in sections of 6-week-old *Arabidopsis* stems. (A)** Click labeling (561 nm excitation) in sections treated with 5 μM 3-OPC and 15 μM CA for 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h, labeled with Alexa 594-azide for 1 h, and washed with 96% ethanol for 1 h. Control sections treated with 20 μM CA for 24 h and labeled with Alexa 594-azide for 1 h (panel labeled CA, 24 h) were included. Images are contrast-enhanced maximum intensity projections of z series recorded using a 10× objective with a 561 nm laser at 5% power and a 405 nm laser at 100% power, with 500 gain and 400 ms exposure time (scale bar, 100 μm). **(B)** Quantification of fluorescence intensities per unit area for the above described samples. Sections not treated with monolignols or Alexa 594-azide were also included. Data were averaged from three replicate experiments with four sections imaged for each treatment; error bars indicate standard error. **(C)** Autofluorescence (405 nm excitation) and click labeling (561 nm excitation) in IFFs of 40 μm-thick sections of 6-week-old *Arabidopsis* stem treated with 5 μM 3-OPC and 15 μM CA for 10 min and 24 h, labeled with Alexa 594-azide for 1 h, and washed with 96% ethanol for 1 h. The colored images (right column) are merges of the 405 nm (blue) and 561 nm (red) channels. Images are contrast-enhanced maximum intensity projections of z series recorded with a spinning disk fluorescence confocal microscope recorded using a 63× objective with a 561 nm laser at 5% power and a 405 nm laser at 100% power, with 50 gain and 400 ms exposure time. Different ranges of brightness and contrast were used in order to observe any differences in incorporation patterns at 63× (scale bar, 20 μm).](fpls-07-01309-g004){#F4}

To better understand the contributions of incorporation duration and monolignol analog concentration on patterns of lignification, sections treated with low concentrations of 3-OPC for short periods of time were also imaged. **Figure [5](#F5){ref-type="fig"}** shows high magnification images of IFFs from sections treated with 0.1 μM and 0.2 μM 3-OPC for 10 min, labeled with Alexa 594-azide. For both samples, more click labeling was observed in cell corners and middle lamellae, indicating that even with a short incubation time, the same patterns of lignification occur at low concentrations of 3-OPC.

![**Incorporation of 3-OPC in IFFs of sections of 6-week-old *Arabidopsis* stems at low concentrations and for short durations.** Click labeling-associated fluorescence (561 nm excitation) in sections treated with **(A)** 0.1 μM and **(B)** 0.2 μM 3-OPC for 10 min, labeled with Alexa 594-azide for 1 h, and washed with 96% ethanol for 1 h. Images are contrast-enhanced maximum intensity projections of z series recorded with a spinning disk fluorescence confocal microscope recorded using a 63× objective with a 561 nm laser at 5% power, with a gain of 50 and 400 ms exposure time (scale bar, 20 μm). Three replicate experiments with at least three sections per experiment were imaged for each treatment.](fpls-07-01309-g005){#F5}

Testing Biochemical Factors That Control Lignification in *Arabidopsis* Stems
-----------------------------------------------------------------------------

From the data described above it was evident that the addition of HRP enhanced incorporation of 3-OPC in *Arabidopsis* stem sections, but only in tissues that normally lignify (**Figure [1](#F1){ref-type="fig"}**, Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}). This implies that H~2~O~2~, which is required for the activities of HRP and endogenous peroxidases, might be supplied by endogenous enzymes that localize only in lignifying cells ([@B20]). Therefore, we hypothesized that the localization of lignification depends on the localization of certain peroxide-producing enzymes, and that if H~2~O~2~ were supplied along with HRP during 3-OPC incorporation, lignification would also occur in non-lignifying cell types. To test this hypothesis, sections of 6-week-old *Arabidopsis* stems were treated with 20 μM 3-OPC and 20 μM CA with added H~2~O~2~ (0.001%, v/v) and with or without exogenous HRP for 3 h, then labeled with Alexa 594-azide. As controls, sections treated with only 20 μM 3-OPC and 20 μM CA and without added H~2~O~2~ were also included.

**Figures [6A--C](#F6){ref-type="fig"}** shows images from these experiments. Sections treated with 3-OPC in the presence of added H~2~O~2~ (**Figure [6B](#F6){ref-type="fig"}**) displayed slightly lower fluorescence per unit area than sections treated with 3-OPC in the absence of added H~2~O~2~, although this difference was not statistically significant (**Figure [6D](#F6){ref-type="fig"}**, *p* \> 0.05, *t*-test). However, in the presence of added H~2~O~2~, fluorescence was detected in walls of non-lignifying cells including cortex and pith (**Figure [6B](#F6){ref-type="fig"}**). Quantification revealed that selected click-labeled areas (**Figure [6E](#F6){ref-type="fig"}**) and total fluorescence intensities (**Figure [6F](#F6){ref-type="fig"}**) increased with added H~2~O~2~, although only the difference in labeled area was significant (*p* \< 0.05, *t*-test). Lower fluorescence per unit area may be attributed to dilution of incorporated 3-OPC due to more cell wall area being available for incorporation in the presence of added H~2~O~2~. Sections treated with both H~2~O~2~ and HRP showed click labeling in both cortex and pith, as well as in naturally lignifying cell walls (**Figure [6C](#F6){ref-type="fig"}**). Fluorescence per unit area was significantly lower, but labeled area and total fluorescence were higher, for samples treated with both H~2~O~2~ and HRP than for untreated controls (**Figures [6D--F](#F6){ref-type="fig"}**, *p* \< 0.05, *t*-test). There were no significant differences in fluorescence per unit area, lignified area, or total fluorescence between samples treated with H~2~O~2~ alone and samples treated with both H~2~O~2~ and HRP (**Figures [6D--F](#F6){ref-type="fig"}**, *p* \> 0.05, *t*-test). Higher magnification images of IFFs and vascular bundles of these sections treated with 3-OPC in the presence of H~2~O~2~ were collected to observe incorporation patterns in cell walls (Supplementary Figure [S4](#SM1){ref-type="supplementary-material"}). In IFFs of both samples (Supplementary Figures [S4A,C](#SM1){ref-type="supplementary-material"}), click labeling was observed in the secondary cell wall region and not in cell corners and middle lamellae, as also observed for samples treated with 3-OPC without added H~2~O~2~ (**Figure [2B](#F2){ref-type="fig"}**, 20 μM). In vascular bundles of both samples, click labeling was mainly observed in xylary fibers and not xylem vessels, as also observed previously for samples treated with 3-OPC without added H~2~O~2~ (**Figure [2A](#F2){ref-type="fig"}**, 20 μM). Therefore, addition of H~2~O~2~ did not significantly alter the pattern of monolignol deposition within IFFs and vascular bundle cell walls. However, in samples treated with both H~2~O~2~ and HRP (Supplementary Figures [S4C,D](#SM1){ref-type="supplementary-material"}), concentrated spots of click labeling were observed outside the cell wall as well, possibly owing to 3-OPC polymerization in solution.

![**Incorporation of 3-OPC in presence and absence of exogenous hydrogen peroxide (H~2~O~2~) in sections of 6-week-old *Arabidopsis* stems.** Top: autofluorescence (405 nm excitation) and click labeling (561 nm excitation) in sections treated with 20 μM 3-OPC and 20 μM CA in **(A)** absence of H~2~O~2~, **(B)** presence of 0.001% H~2~O~2~ and **(C)** presence of 0.001% H~2~O~2~ as well as exogenous HRP, for 3 h, labeled with Alexa 594-azide for 1 h, and washed with 96% ethanol for 1 h. c = cortex, p = pith. Colored images on the bottom row are merges of the 405 nm (blue) and 561 nm (red) channels. Images are contrast-enhanced maximum intensity projections of z series recorded using a 20× objective with a 561 nm laser at 5% power and a 405 nm laser at 100% power, with 150 gain and 400 ms exposure time (scale bar, 100 μm). **(D--F)** Quantification of **(D)** fluorescence intensities per unit area, **(E)** lignified (thresholded) area selected, and **(F)** total fluorescence intensity for click labeling-associated fluorescence (561 nm excitation, red) and autofluorescence (405 nm excitation, blue) in sample sections described above. Data were averaged from three replicate experiments with three sections images for each treatment; error bars indicate standard error.](fpls-07-01309-g006){#F6}

To investigate the functions of peroxidases and laccase enzymes in lignification as detected by 3-OPC incorporation, the effects of inhibitors of these enzymes on 3-OPC incorporation were tested. Inhibitors included DPI, an inhibitor of the NADPH oxidases ([@B22]; [@B20]; [@B28]) that produce H~2~O~2~. H~2~O~2~ is required by peroxidases for their oxidizing activity that converts monolignols into free radicals. NAC is an antioxidant and ROS scavenger ([@B28]) that should inhibit free radical formation and hence 3-OPC incorporation into plant tissue. Sodium azide (NaN~3~) inhibits both peroxidases ([@B4]) and laccases ([@B16]; [@B27]) and was used to test whether peroxidases and laccases are involved in 3-OPC incorporation. The three aforementioned inhibitors were tested in two different ways: they were applied before the incorporation step for 1 h, after which sections were washed and incorporation of 20 μM 3-OPC was performed for 3 h, or they were applied during the 3 h incorporation step along with 3-OPC. A control treatment, with 3-OPC only and no inhibitors, was also included.

**Figure [7](#F7){ref-type="fig"}** shows the effects of treating stem sections with inhibitors before or during 3-OPC incorporation on patterns and intensity of click labeling. Except for concurrent DPI treatment (*p* \> 0.05, *t*-test), significant decreases in click labeling per unit area (*p* \< 0.001, *t*-test) were measured for all treatments compared to controls (**Figure [7C](#F7){ref-type="fig"}**), indicating lower 3-OPC incorporation after treatment with all three inhibitors. This decrease occurred regardless of whether inhibitors were applied before or during 3-OPC incorporation. However, the magnitudes of decreases differed across treatments. When applied before 3-OPC incorporation, DPI greatly diminished 3-OPC incorporation, but when applied along with 3-OPC, DPI did not greatly reduce 3-OPC incorporation. Treatment with NAC before or during 3-OPC incubation reduced 3-OPC incorporation to similar, moderate degrees, whereas NaN~3~ treatment nearly abolished 3-OPC incorporation (**Figure [7C](#F7){ref-type="fig"}**). Higher magnification images (**Figure [8](#F8){ref-type="fig"}**) for IFFs and vascular bundles were collected for the samples described above, with brightness and contrast adjusted individually for each image to reveal 3-OPC incorporation patterns. There were no obvious differences in 3-OPC incorporation patterns when sections were treated with inhibitors. Although incorporation was diminished upon treatment with inhibitors, incorporation was still most evident in cell walls, as observed for 3-OPC incorporation at high concentrations without inhibitors (**Figure [2](#F2){ref-type="fig"}**). There were a few instances of incorporation at uneven intensities across the cell wall, which might correspond to locations where lignification was differentially inhibited.

![**Effect of inhibitors on incorporation of 3-OPC in sections of 6-week-old *Arabidopsis* stems.** Inhibitors tested include: 15 μM diphenylene iodonium (DPI), an NADPH oxidase inhibitor, 1 mM *N*-acetyl-[L]{.smallcaps}-cysteine (NAC), an antioxidant and ROS scavenger and 1 mM sodium azide (NaN3), a peroxidase inhibitor. **(A)** Click labeling (561 nm excitation) in sections treated with indicated inhibitors (or no inhibitor) for 1 h, followed by 20 μM 3-OPC and 20 μM CA for 3 h, then labeled with Alexa 594-azide for 1 h, and washed with 96% ethanol for 1 h. **(B)** Click labeling (561 nm excitation) in sections treated with 20 μM 3-OPC and 20 μM CA along with the indicated inhibitors (or no inhibitor) for 3 h, labeled with Alexa 594-azide for 1 h, and washed with 96% ethanol for 1 h. Both vascular bundles (Vas) and IFFs are shown for each treatment. Images are contrast-enhanced maximum intensity projections of z series recorded using a 20× objective with a 561 nm laser at 5% power, with 150 gain and 400 ms exposure time (scale bar, 100 μm). **(C)** Quantification of fluorescence intensities per unit area for click labeling-associated fluorescence (561 nm excitation, red) and autofluorescence (405 nm excitation, blue) in stem sections treated with different inhibitors before (pre-inc) and during incorporation with 3-OPC as described above. As negative controls, sections treated with 20 μM CA for 3 h were included. Data were averaged from three replicate experiments with four sections images for each treatment; error bars indicate standard error (pre-inc: pre-incubation).](fpls-07-01309-g007){#F7}

![**Effect of inhibitors on incorporation patterns of 3-OPC in sections of 6-week-old *Arabidopsis* stem.** Inhibitors tested include: 15 μM DPI, an NADPH oxidase inhibitor **(A,B)**, 1 mM NAC, an antioxidant and ROS scavenger **(C,D)** and 1 mM sodium azide (NaN3), a peroxidase inhibitor **(E,F)**. **(A,C,E)** Click labeling (561 nm excitation) and autofluorescence (405 nm excitation) in sections treated with indicated inhibitors for 1 h, followed by 20 μM 3-OPC and 20 μM CA for 3 h, then labeled with Alexa 594-azide for 1 h, and washed with 96% ethanol for 1 h. **(B,D,F)** Click labeling (561 nm excitation) and autofluorescence (405 nm excitation) in sections treated with 20 μM 3-OPC and 20 μM CA along with the indicated inhibitors for 3 h, labeled with Alexa 594-azide for 1 h, and washed with 96% ethanol for 1 h. Both IFFs (top) and vascular bundles (bottom) are shown for each treatment. The colored images on the right column are merged for the 405 nm (blue) and 561 nm (red) channel. Images are contrast-enhanced maximum intensity projections of z series recorded using a 63× objective with a 561 nm laser at 5% power and 405 nm laser at 100% power, with 50 gain and 400 ms exposure time. Different ranges of brightness and contrast were used in order to observe any differences in incorporation patterns (scale bar, 20 μm). Three replicate experiments with at least three sections per experiment were imaged for each treatment.](fpls-07-01309-g008){#F8}

Discussion
==========

The goal of this study was to examine the biochemical and developmental dependencies of lignification using the click-compatible monolignol analog, 3-OPC. We found that 3-OPC accurately mimics natural monolignol polymerization deposition. The patterns of stem section lignification by 3-OPC are consistent with natural patterns found at different developmental stages of the stems, with higher 3-OPC incorporation in tissues that are actively lignifying and lower 3-OPC incorporation in tissues that are already extensively lignified (**Figure [1A](#F1){ref-type="fig"}**). Autofluorescence in sections from older stem tissue showed large amounts of pre-existing lignin in IFFs and vascular bundles, which possibly precluded high levels of new lignification in these tissues. Thus, 3-OPC appears to be a specific marker for new lignification, given its minimal deposition on areas with large amounts of pre-existing natural lignin.

The lignification pattern exhibited by 3-OPC was not altered with addition of exogenous HRP (**Figure [1B](#F1){ref-type="fig"}**), but click labeling intensity per unit area increased in all tissues tested except 6-week-old top sections (Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}). It is possible that increases in available lignification sites, but not radical-producing enzymes, as tissues matured accounts for these increases in labeling upon HRP addition. The H~2~O~2~ used by exogenous HRP in these experiments might be provided by NADPH oxidase enzymes that are present and active only in naturally lignifying cells, resulting in enhanced 3-OPC incorporation in only those cells. These results support the idea that localized lignin deposition depends on the localization of the enzymes required for lignification, including monolignol-oxidizing enzymes (peroxidases, laccases) as well as enzymes that generate H~2~O~2~ (e.g., NADPH oxidases) or O~2~ required for activity of oxidizing enzymes ([@B20]; [@B34]).

We found that supplying low concentrations of 3-OPC (without added CA) resulted in incorporation primarily at cell corners and middle lamellae (**Figure [2B](#F2){ref-type="fig"}**); however, at higher 3-OPC concentrations, incorporation occurred throughout the cell walls, with more intense labeling in secondary wall regions (**Figure [2](#F2){ref-type="fig"}**). The low levels of PI labeling we observed at cell corners and middle lamellae (**Figure [3](#F3){ref-type="fig"}**) might be attributable to pectin degradation as lignification proceeds, masking of pectin PI-binding sites by lignin or other wall components, or tight pectin crosslinking that precludes PI binding in these regions. It is possible that cell corners and middle lamellae contain higher concentrations of radical-generating enzymes, or enzymes with higher affinity or activity for monolignol radicalization, than secondary wall regions, and that monolignols therefore more readily polymerize in cell corners and middle lamellae, but that the cell corners and middle lamellae also contain limiting amounts of lignin initiation sites, and that once these sites are "saturated," and/or when monolignol concentrations exceed a given concentration threshold, more lignin is deposited in cell wall regions. The different patterns of incorporation at low and high 3-OPC concentrations might be attributable to differences activity between laccases and peroxidases. [@B20] found that Casparian strip lignification depends on peroxidases, whereas lignification in protoxylem tracheary elements appears to depend mostly on laccases ([@B47]; [@B34]), though this cell specificity is not so clear cut, as both laccase mutants ([@B5]; [@B2]) and peroxidase mutants ([@B15]) display collapsed tracheary elements. Additionally, our results from experiments adding H~2~O~2~, HRP, or both (**Figure [6](#F6){ref-type="fig"}**) are consistent with the hypothesis that localization of H~2~O~2~-generating enzymes in lignifying cells is a key factor in determining where lignification occurs ([@B20]; [@B34]).

The concentration-dependent lignification patterns we observed do not appear to also be time-dependent, since the duration of incorporation did not appear to determine whether lignification occurred primarily in cell walls versus cell corners and middle lamellae (**Figures [4](#F4){ref-type="fig"}** and **[5](#F5){ref-type="fig"}**). However, at high 3-OPC concentration, IFFs at 24 h time points did show concentrated spots of click labeling in walls that were not observed in 10 min samples where click labeling was more uniform (**Figure [4](#F4){ref-type="fig"}**). These spots might represent sites of higher enzyme activity or wall regions that become more amenable to 3-OPC deposition over the course of 24 h. In summary, no obvious changes in the localization patterns of 3-OPC deposition, besides concentrated spots of click labeling, were observed in stem sections over time, with only fluorescence intensities per unit area increasing up to 12 h and plateauing between 12 h and 24 h.

From our chemical inhibition experiments (**Figures [7](#F7){ref-type="fig"}** and **[8](#F8){ref-type="fig"}**) provide further support for the idea that peroxidases, laccases, and H~2~O~2~-producing enzymes are important factors that control the incorporation of exogenously supplied monolignols, and that their inhibition results in lower lignification. The minor inhibition of 3-OPC incorporation upon concurrent treatment with DPI (**Figure [7](#F7){ref-type="fig"}**) suggests that residual H~2~O~2~ generated by NADPH oxidases might remain within stem sections even in the presence of DPI, whereas upon pre-incubation with DPI for 1 h, the washing step after inhibition might have removed significant amounts of stored H~2~O~2~, while not restoring NADPH oxidase activity. The incorporation of synthetic monolignols such as 3-OPC is likely to proceed through a free radical-coupling mechanism involving ROS, since treatment with the radical scavenger NAC resulted in lower 3-OPC incorporation (**Figure [7](#F7){ref-type="fig"}**). Laccases and peroxidases have non-redundant functions in vascular development in *Arabidopsis* ([@B47]), even though both can polymerize monolignols *in vitro* ([@B36]; [@B31]; [@B25]). Treatment with NaN~3~, which irreversibly inhibits both peroxidases ([@B4]) and laccases ([@B27]; [@B16]) treatment reduced 3-OPC incorporation most severely, implying that peroxidases and laccase might both be required for normal levels of synthetic lignification in *Arabidopsis* stem sections.

In summary, the click-compatible monolignol analog, 3-OPC, exhibits incorporation patterns that are consistent with natural lignification patterns in different developmental stages of *Arabidopsis* stems. Because 3-OPC mimics natural monolignols in its deposition patterns, it can serve as a probe to understand both the spatial/temporal dynamics and the molecular mechanisms underlying lignification. We demonstrate that localization of H~2~O~2~-generating enzymes is likely to help determine when and where lignification occurs, since when H~2~O~2~ and peroxidase are exogenously supplied, even non-lignifying cells can be artificially lignified. Inhibitors of factors known to be involved in lignification reduced 3-OPC incorporation in *Arabidopsis* stem sections, confirming that 3-OPC incorporation proceeds through an enzyme-generated free radical-polymerization mechanism involving ROS and is therefore a reliable monolignol analog. Surprisingly, modulating 3-OPC concentration affected where lignification occurs, with lower 3-OPC concentrations enabling lignification primarily in cell corners and middle lamellae and higher concentrations enabling lignification primarily in cell walls. Therefore, a complex interplay between monolignol concentration, enzyme localization and activity, and lignin nucleation site density and affinity might be responsible for the subcellular patterns of lignification we and others have observed. Incorporation of 3-OPC at concentrations below 0.2 μM might closely mimic the initial stage of the lignification process, which begins in the middle lamellae and cell corners and proceeds through the cell wall. Plant cells might thus be able to control where and when lignification occurs by modulating monolignol production or transport localization and rates. Future application of 3-OPC and other molecular probes for lignification should prove to be useful for further dissection of the cellular and molecular factors that control lignification, unraveling this complex process to help us understand how lignocellulosic biomass is constructed and improving our ability to use this renewable resource to benefit human society.
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